This work deals with the time-dependent creasing characteristics of coated paperboard. The correlation between the bending strength (resistance) and time-dependent problems on the actual processing phenomenon has not been sufficiently discussed in the past. In this study, therefore, a prototype testing apparatus has been applied to investigate about the dynamic relaxation of bending moment. In order to reveal the relaxation characteristics of the bending resistance during the folding motion from an initial position up to a specified tracking angle, a white-coated paperboard of 0.3 mm thickness was scored with a creasing rule and then the bending test was carried out by varying the number of folding repetitions. Through this work, the followings were obtained: (1) The relaxation of the bending resistance was characterized by an exponential coefficient which was independent to the nominal shear strain while it varied with respect to the number of folding repetitions; (2) The relaxation coefficients of logarithmic approximation with the elapsed time are linearly characterized by the nominal shear strain and the number of folding repetitions; (3) The relaxation depends on the bending velocity.
Introduction
Coated-recycled paperboard is considered to be a fundamental material for the packaging industry due to its advantages such as high strength-to-weight ratio, high surface smoothness, printability, sustainability, recyclability, and so on. To convert paperboard into a packaging container, the raw paperboard is first printed at a printing line. Then, it is subjected to cutting and creasing processes. The aim of these two processes is to convert the printed paperboard into a blank form before forming a glued box. Finally, the blank is folded and glued to obtain a packaging product (Gellerstedt and Henriksson, 2009 ). Since paperboard is a kind of composite material made of laminated thin papers and numerous fibers, its crease-based forming or shaping behaviors, especially the dynamic relaxation of folding resistance, are fairly complicated (Nagasawa et al., 2011 (Nagasawa et al., , 2014 .
If any cracks occur on the outside of the folded parts of paperboard, which is used for making a cabinet, the mechanical strength of the cabinet is weakened and also the folded parts are aesthetically inferior. A few reports regarding the in-plane elongation of paperboard during the indentation of the creaser were previously shown (Hallady and Ulm, 1939) . Actual creasing range was investigated based on the relationship between the crease depth and crease width (Hine, 1959) . Quasi-static folding stiffness with respect to the indentation depth of the creaser was reported and also the crease deviation effect on the folding deformation of creased paperboard was discussed (Nagasawa, et al., 2001 (Nagasawa, et al., , 2003 (Nagasawa, et al., , 2008 . However, the estimation of dynamic deformation behaviors of the creased line from the initial strength of the creased part, such as the first peak of bending moment Mp1 and the first term gradient of bending moment C1, which are evaluated by one way motion, were not clarified. Recently, a new Crease Stress Tester (CST) was developed to seek the bending moment and also to record the side view image of a creased part during a repeated folding motion (Nagasawa, et al., 2011) . This testing device is able to control the bending rotation velocity of the creased part of a worksheet and its sleeping time at a specified angle position (Katayama Steel Rule Die, 2013a) . The knowledge of the dynamic bending moment (resistance) acting on a hinge which is folded onto a creased line, is important in order to adjust the mechanical conditions of the boxing stage performed by the automatic folder gluer machine. The correlation between the dynamic bending resistance and several primary problems such as the viscous-elastic residual strains (Salmen and Hagen, 2002) on the actual processing phenomenon was not sufficiently discussed in the past. It is difficult to estimate various timedependent responses from the quasi-static initial strength of the creased part, such as the maximum bending moment and the initial gradient of bending moment. Since the transient deformation of the creased part subjected to the bending moment was not observed by any movie camera or load cells during the dynamic bending test, the time-dependent bending stiffness or its residual strain state could not be verified directly while the quasi-static bending was examined.
In this study, therefore, the CST apparatus has been applied to seek the dynamic bending moment and its residual deformation. In order to reveal the relaxation characteristics of bending resistance during the folding motion from an initial position up to a tracking angle of 90°, a white-coated paperboard of 0.3 mm thickness was scored with a creasing rule and a grooved face counter plate under a specified feed velocity, and then the bending and relaxation test was carried out varying the number of folding repetitions and the initial indentation depth (nominal shear strain).
Experimental condition and method

Pre-processing of specimen.
White-coated paperboard is composed of a pulp fiber structure matrix and clay structured coated layer. The fiber layer consisted of multiple plies, while the coated layer was a mixture of ground calcium carbonate, kaolin and binder (Holik, 2006) . The mechanical properties of white-coated layer of paperboard was estimated using several mechanical testing methods (Suzuki et al., 2005) . The test pieces were prepared as 10 pieces of rectangle-shaped white-coated paperboard (basis weight =228~237 gm Table 1 . All the specimens were kept in a room which had a temperature of 296 K and a humidity of 50 %RH. Figure 1 shows the scoring state of a paperboard specimen using a round-edge knife (a creasing rule with a radius of r= 0.36 mm, thickness of b=0.71 mm). When the creasing rule moves downward with the indentation depth d to the clay-coated side of paperboard, the expression: tan  = (2d/B) = is the average shearing strain with the specified three points as shown in Fig.1 . This quantity  is defined here as the nominal shear strain (Nagasawa, et al., 2001 (Nagasawa, et al., , 2003 . Also, using the paperboard thickness t and the thickness of the creasing rule b, the groove width B was empirically chosen as 2t+b = 1.3 mm. The creaser direction angle  was chosen as 90° with respect to the Machine Direction (MD).
. Table 1 In-plane tensile properties of white-coated paperboard in machine direction. According to the preliminary experiment (Nagasawa, et al., 2014) , the initially scored specimens without rubbering were bent as shown in Fig. 2(a) , while the specimens were not bent when using rubber fixtures. In this study, rubber fixtures were considered, and shore hardness 40 (A) rubber fixtures were implemented as shown in Fig. 2(b) . Since the dependency of bending moment relaxation on the nominal shear strains (initial scored depth)  (=0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9 and 1.0) and the tracking angles  (=30, 60, 90 and 120°) was fundamentally investigated in the preliminary experiment, the values of  were carefully chosen as 0.0, 0.3, (0.6), 0.8 in this work, while the value of  was chosen here as 90°, owing to increasing of folding repetitions. The feed velocity of the creaser was chosen as V=0.0167 mms 1 . Figure 3 shows a schematic diagram of the experimental apparatus and a CCD camera photograph of folded specimen (Katayama Steel Rule Die, 2013a) used for the folding motion test. Figure 4 is an example of the first and second round's folding load response described as a relationship between the folding angle  and the bending line moment (resistance for the unit width) M. Due to de-lamination of multiple plies by scoring and inside bulging at scored corners by folding, the bending moment resistance tends to be settled down in a certain level of bending stiffness symbolized as C1,1 and C1,2 (Nagasawa, et al., 2011) . The sampling time of M,  was chosen as 2 ms. Since the paperboard has viscous elasticity and creep characteristics during the folding process, the rotation velocity of the fixture was normally set to = 0.2 rps and the elapsed time for returning back until the next folding (release time) was set to t2ep, which was defined as the duration starting from a releasing position 2,n until reaching a restarting position 1,n+1. Here, n =1,2,3…15 is a dummy suffix used to count the number of folding repetitions. In every folding round, the stopping time before returning back (tracking time) was set to tep= 10s at a tracking position of . The rotation velocity of =0.2 rps was empirically chosen as a standard value for simulating the hand working condition of BST-150M (Katayama Steel Rule Die, 2013b).
Measurement of bending moment
Since the acceleration duration (transient time) was set to 0.1 s for each starting/stopping, the rotation velocity  reached 0.2 rps for differential angle  ≈ 3.6°. The n-th release time t2ep is estimated by using Eq. (1). Here, a pause time of 10s was considered at the home position of = 23°.
(1)
For an example such as when n=1 and =90°, putting = 0.2rps, 1,2= 35°, 2,1= 45°, t2ep outcomes 11.85s.
In the preliminary experiment, during the stopping time (up to 10s) at the tracking angle of =30~120°, the relationship between the bending moment M and the tracking elapsed time tep was measured, and then linearly approximated with the logarithmic term ln(tep) using Eq. (2). Here, two relaxation coefficients a1, a0 were introduced as dynamic response parameters (Nagasawa et al., 2014) , and a0 was defined as M(1) (at tep=1s) when the number of folding repetitions was n=1.
M=-a1 ln (tep)+a0
(2) Figure 5 shows a result of scatter diagram of a1, a0. The correlation between a1 and a0 was discussed by using the linear approximation expressed by Eq. (3). The proportional coefficient p and the intercept p0 are evaluated from the scatter diagram of a1, a0. When p0 ≈ 0, Eq. (2) becomes Eq. (4). In the case of n=1, =0.2 rps, the value of p was estimated as 0.0536. 
In this work, the relaxation coefficients a1, a0 and p were investigated with respect to  =0, 0.3, 0.8 and the number of folding repetitions n=1,2,…15, when keeping =0.2 rps and =90°. Sample numbers were five for each condition. Next, the effect of rotation velocity  on the coefficient p is discussed when choosing =0.6, in order to reveal the dependability of the relaxation coefficients on the rotation velocity. Figure 6 shows representative examples of the relationship between the folding rotation angle  (up to the tracking angle =90° in 15 times) and the bending moment M when choosing the nominal shear strain = 0.3, 0.8. In the previous report (Nagasawa. et al., 2011) , the initial (first term) gradient of bending line moment C1,1 and the second term gradient C1,2 were symbolized as C1 and C2, respectively. C1,1 is the bending resistance which includes the propagation of de-lamination caused by the first term folding, while C1,2 is the residual bending resistance which includes the delamination caused by the tracking angle (same as the maximum folding angle)  and the residual strain recovered by the released duration of t2ep. The relationship between the first term gradient of bending moment C1,n and the number of folding repetitions n is shown in Fig.7 , while Fig.8 shows the bending moment M° at tep= 0s when choosing =0, 0.3, 0.8. Since the bending moment resistance was nonlinear in the folding process, the gradients C1,n were approximately calculated as a linear relationship of folding angle in the range of 6~20% of M90. The drop ratio of gradient C1,2/C1,11 was about 0.7 ~ 0.8, while the drop ratio of tracking moment M90,2/M90,11 (at tep=0) was about 0.1 ~ 0.13. Error bars show the range from the minimum to the maximum value of the population. It is revealed that C1,n and M,n tend to be a little decreased but almost stable with respect to the folding number n, when watching the range of 5<n<15. Figure 9 shows several examples of relaxation responses of bending moment M at =90° for an elapsed time up to 10s, where was chosen as 0.0, 0.3, 0.8 and the folding numbers were 1, 15. The relaxation of M varied linearly with respect to the logarithmic expression of the elapsed time. This tendency was the same as in other tracking angles in case of n=1 (Nagasawa et al., 2014) . For n=1~15, the relaxation coefficients a1, a0 were estimated with Eq. (2) by using the least squared method. Figure 10 shows the relationship between the coefficients a1, a0 and the folding number n. Since n is basically a discrete quantity, the fitting curves are virtually drawn as a continuous quantity. It is found that the gradients of a1, a0 are remarkably varied with respect to the real number n for the lower range n < 5 and the upper range n > 5. Hence, a logarithmic gradient was evaluated for these two ranges n=1~5, 6~15. Its results were shown in Table 2 .
Results and discussion
Transition of bending resistance with folding numbers
From Fig.10 (a) and Table 2 , the logarithmic gradient of a1 varied 2~3 times for the two ranges n= 1~5, n= 6~15. Fig.10 (a), (b) show that a1, a0 are decreased as n increases and they are also fairly similar between each other. In order to see the correlation between the coefficients a1 and a0, Fig.11 was plotted. Its correlation is understood as a simple linear relationship of Eq. (3) assuming that p0=0, when the folding number n is fixed. Therefore, the exponential coefficient p (=a1/a0) was estimated for the folding number n. This result is shown as Fig.12 and an approximation formula was derived as Eq. (5). Table 2 Logarithmic gradient of coefficient a1 with n
Seeing Fig.12 , it is revealed that the value of p (=a1/a0) is obviously varied with n in two ranges: n < 5, n > 5. Regarding the dependency of folding numbers n on the correlation between a1 and a0, another different tendency that presents a linear relationship is found from Fig.11 , when choosing =0, 0.3, 0.8. In case of=0, there is a large dispersion owing that unstable bulging occurs (Nagasawa et al., 2001 (Nagasawa et al., , 2003 , while there is not any large dispersion with a linearity of a1 and a0 for =0.3, 0.8. Hence, the following linear approximation Eq. (6) is considered when fixing  and varying the number of folding repetitions n.
The coefficients c1, c0 are shown in Table 3 . Since the gradient c1 resulted to be 0.13~0.15, the relationship between a1 and a0 showed a good linearity. The value of c0 is approximately estimated from Eq. (7) which is derived from Table   3 , while c1 is partially estimated as Eq. (8) number of folding repetitions n specified  =0.3, 0.8 and n >1, an estimated value of a0 can be calculated from Eq. (9) using Eq. (7) and Eq. (8). Using Eq. (5) and Eq. (9), the value of a1 is estimated as a function of  and n. c0 = 0.0344 e 1.25 3.2 Effect of rotation velocity of fixture on relaxation coefficients Figure 13 shows the relaxation coefficients a1, a0 with respect to the normalized folding rotation velocity/0.2.
Here, =0.2rps was the reference velocity, and =0.6, B=1.3mm, =90°, n=1 were considered. The coefficients a1, a0 were linearly approximated with /0.2 as shown in Eq. (10), (11), where 0.2 < /0.2 < 3.
(10)
Assuming that p0= 0, the exponential coefficient p (=a1/a0) was derived from Eq. (3) and Fig.13 with respect to /0.2. Its result is plotted in Fig. 14.
It is revealed that the relaxation of bending moment resistance tends to be restricted with the folding rotation velocity, namely the bending moment resistance is kept in a highly strained state in case of a slow folding state /0.2< 0.5, while the exponential coefficient p is almost constant (0.055~0.057) for 3> /0.2 > 1. 
Conclusions
Repeated bending characteristics of a white-coated paperboard of 0.3mm thickness were investigated by varying the nominal shear strain  while keeping the tracking angle of =90°, using a prototype crease strength tester, which controls the rotation velocity  at 0.2rps and a (elapsed) stopping time tep of 10s before returning back at the tracking angle. In order to analyze the relaxation of repeated bending moment at the tracking position, a logarithmic approximation formula Eq. (2) was applied to the experiment. Here, the relaxation coefficients a1, a0 and the exponential coefficient p (= a1/a0p0/a0) were introduced as Eq. (3) for characterizing the relaxation when fixing the number of folding repetitions. The obtained results were as follows:
(1) The relationship between the relaxation coefficients a1 and a0 was linearly approximated with the nominal shear strain =0~0.8when fixing the number of folding repetitions. Here, in Eq. (3), the intercept of p0 was nearly zero.
(2) The relaxation coefficients a1, a0 were linearly approximated with the logarithm of folding numbers n, although its gradient was remarkably varied at a transition point. Namely, in the case of specified white-coated paperboard, the gradient 1/ (ln( )) (5<n<15) was decreased into 30~50% of that of the early stage 1<n<5. (3) The exponential coefficient p varied almost linearly using the power expression n 2 when varying the nominal shear strain for =0~0.8. (4) Seeing the relationship between a1 and a0 when fixing the nominal shear strain , there is a linearity in the relaxation coefficients shown in Eq. (6) and Table 3 . Synthetically, it is revealed that the relationship between a1 and a0 is linearly varied with the two parameters  and n. Next, in order to see the velocity effect on the relaxation coefficients, the rotation velocity of fixture  was varied when choosing n=1. The following was found. (5) The exponential coefficient p appeared to be constant when choosing 0.1<< 0.6 rps, while p tended to decrease for  < 0.1rps. 
